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Figure 55. - Contour Diffuser Vane Compressor Test Rig.
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Figure 65. - Redesigned Radial Diffuser.
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Figure 67. - Mini-BRU Compressor, Test 3, Stage and Impt_llur

Total-to-Total Pressure _atio; Impeller Static-to-Total
Pressure Ratio.
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Figure 104, - Beta Distribution for Mini-BRU Stators.
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Figure 112. - Fully In::_trLlmentecl 'l'urloinc Plenum

Nozzle Shroud Asselllbly.
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\ Figure 113, - Mini-BRU Astroloy Turbine Wheel
(machined) .
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Figure i14. - Mini-BRU Turbine Test Rig Complete

"°_Liii!•:7 with 180 ° Bifurcated Inlet Ducts
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Figure 118. - _lini-l_l<UTurbine Coh| Air Test

";1_ ,;' V_r,'_us F (Total-Total).
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Figure 120. - Mini-BRU Turbine Cold Air Test
_ Versus F (Total-Diffuser Exit Static).v
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Figure 125. - Mini-BRU Turbine Cold Air Test Corrected
Flow Versus Pressure Ratio.
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1.6 NUMBERS IN ( ) ARE INSTRUMENT UNIT No.

1.4 (z61)

(162) _- --(182)

(164) /1183) [

(184)

1.0 z

_ (167) __ (185)_._ (ii6) 1201-206)_ (241-246)H 0.8 (165)

0.6 (166)

D 1261-266)0.4

I

i

0
0 0.2 0.4 0.6 0.8 1.0 1.2 13

AXIAL LENGTH, INCHES

._ Figure 134. - Static Pressu::e Mea_uremeuts.
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Figure 137. - Local Static Pressure Recovery in Turbine.
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_ SHAFT DL_IETERe D

oOoIo
PREFORH RADIUS, Rf

DEFINITIONS

FO--L TIIICKNESS t = METAL

THICKNESS tm + COATING
THICKNESS k.

SffAY SPACE = CARRIER ID

-(4t + SIIAFT DIA. D)

FOIL AXIAL

LENGTH, L

FOIL SEC,MENTL
i'

ii

_'' Figure 138. - Foil Journal Bearing] Nomenclature.
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T'igure 139. - Foil Thrust Bearing.
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DIMENSIONS ARE IN INCHES.

RICE ALT. STATOR
%

THRUST BRG ROTOR _ 1.038 DIA. TYP

o

t1.80 D

Rl r2
1.04 LB 1.52 LB

I

TOTAL WT. 2.56 LB

|

Figure 144. - Hini-BRU Rotating Group Bearing \_

.I Spacing.
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92.0

1.8 _/_/

_ 1.6 ,,

zo 1.4 _H

1 2

1.o i
MIni-BRU Brg. P/N 3604183--2

0.8 // 8 - _eflon-S Foils,6.0 mil _

(total) thick, 0.77" L_. x

0 6 / .57" Rad.,l.0705" Carr./.008"SS /

0.4 -

0.2 Foil Set #2

o // ,
0 1 2 3 4 5 6 7 8 9 i0

_OAD,L_

Figure 146. - Mlni-BRU Bearing P/N 3604183-2,
8 Tetlon-S Foils, 6.0 MII (Total) Thick,

0.77 in. Long x 0.57 in. Radius, 1.0705 in. _.
Cart./0.008 in. SS.
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" 3.0
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2.6 /

2.4 _ [

2.0

®/_h P/N 3604254 - 2H
1.6 I

1.2 ;

1.0 I

0.8

0.6 I

• Mini- BRU Thrust Brg. P/N 3604254 - 1
I0 Pad Teflon-S P/N 3604254 -2

0.4 W/Spring P/N 3604255 - 1 (Photo-Etch)-

0.2 I

0

1 2 3 4 5 6 7 8 9 i0 ll

LOAD, LB

Figure 147. - Mini-BRU Thrust Bearing P/N 3604254-1,
10-Pad Teflon-S P/N 3604254-2, w/Spring P/N
3604255-1 (Photo-Etch) .t
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Figure 148. - Thrust Bearing Cross Section. t
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. H "_''_\_ 65OOF CURE:_0.6

I \,_,.....-TUREINEENDBRGo , \ I.SLBLOAD

_0.4 ] / .....

co_ END0.2 "BRG 1 LB I
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SPEED RPM x 10 -3
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Figure 151. - Starting Torque - Journal Bearing - Mini-BRU. i
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_ O.2 __ _ '-'
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Figure 152. - Starting Torque - Thrust Bearing - Mini-BRU.
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",, I NOTES :

,! _ i. HORIZONTAL OPERATION
'!: H 4.0 2. 1.0 LB LOAD COMP. BRG. --

i., _ 3. 1.5 LB LOAD TURB. BRC.
il D 4. 2.5 LB PRELOAD THRUST BRG.

:i _ 5. AIR --
' O

B _. 28.85 IN Hg PRESS.
7. 8 FOIL JOURNAL BRG.

3.0 8. 0.008 SWAY --

: _ 9. 0.57 PREFORMED HAD.

_ i0. 0.77 ARC LENGTH" ' - ii. TEFLON-S 6500F CURVE CURE-

" _ 12. I0 PAD THRUST BRG.

13. PCM THRUST SPRING2.0 I .... I '

t_

_ 1.0 .....

o "_
i

2 4 6 8 l0 12 14 16 18 20

SPEED RPM X 10 -3

Figure 153. - Starting Torque - Mini-BRU.

ii

153

i i

O0000002-TSFIO



j i

' I:D Im

r--_

";i om_ *m 00,,,00H _
',! I_O E_ .,O H _

,-o.o_ _o.,_ _ ._' r,. _ 4J
1 ,O U r.,.]lOO o .......... IN _i

, , o U o !

•..u r,n ::Do U, ,o ;,_ N
•' _I ;z _ _ ,,_ ,.o

"i (_%OOp41-1_'OO_o OO l- _ e_l e,ll
_ rao _ o r_o i_I cl

•.00 "_O_ .IZl_.o co o 0 _ c_ 0 •

,,,,_ i.q _ rn

i o_ ,4 ,
o. jI _Z_ O O-- ..... _I ,-4

!

I

i'I ,o._ =°i N --I

E

'I ._3_ o

!0/
, r-tl _

,-t 0
, , E-I

::'. '. _O_Z _ _ I
' .. _H O r:::

, ..-- _ _ _ /

- _ e_

.-; _ o o" o o

! t_T"I- • N,I" HrlOgO,T,

154 " I

! l
._ .." "' _ ." i!:__I" _....._, _....._ ""...._,. _:_,'= _'__ ....'_-_"

O0000002-TS F11



o

i,! 0 _

I o _._ -- " rsl

o.,,,,_ ,,1 04 I_

r_ • _ I

'.. ._,S_f°_,_

'L'h r-'l _1i. I _l
,-I 0

"4,

• ° I_l _-I/c_ ba

,_. bl

i IM .,.-I

#, llI r.} ,--I

" _ _".! _ _

!1 _ .... ._

h

155
I

O0000002-TSF12



,I

Y

o .I.
(D •

c-..

O.OO 2.00 4.00 8.00 8.00 10.00 IZ.O0
LORO,LB

_ :, Vi_lure 156. - ,loucn_t[ I{oaL'in%l T<'st 133, l"o_._er hess
-_' Versus bo_td, 52][ l:,Plq, ,\iv.

!.t
I

- i I

O0000002-TSF13



Ir _ I 1! _ I I
i

p

I--"

_J

I,I

o _.
Q__. - 6

JOURNAL BEARING TEST 133
POWER LOSS VS LOAD
52K RPM
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Figure 157. - Journal Bearing 'rest 133, Power Loss

Versus Load, 52K RPM, Argon.
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JOURNAL BEARING TEST 129

POWER LOSS VS LOAD 'I
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Figure 161. - Journal Bearing Test 129, Pow,.'r Loss I
Versus Load, 52K RPM, Argon.
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Fi_lure 163. - Thrust Bearing Tust 140, Pow_,r Loss

Versus Cavity Pressul:t_, 52t, RPM, Air.
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Figure 182. - Comparison of [lagnetic Test Data for TAC and _
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Figure 185. - Excitation Characteristics i \
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1. COMPUTED VALUES IN DC MODE
ii i |l

RA APU L -8

VDC = f ( APU, VPU,' ---(3

x2 ) VDC

IDC
KWDc

o o

2. COMPUTED VALUES IN AC MODE

RA XL(PU) APU / -6' !

°[-_

i

,!

_ VPU VPU' KWAc '

\ / 'i i

O O O
A. KWAc = KWDc BY DEFINITION \

INCLUSIVE ANGLE
B. KWDc = m VPU * APU COS (-0) WHERE 0 -= BETWEENVPU "o

(NO RESISTIVE COMPONENT) AND APU

INCLUSIVE ANGLE
C. KWAc = m VPU * APU COS (-0) WHERE 0 :_ BETWEENVPU t

AND APU

.'. COS(-I;') = KWDc/(m VPU' APU)
AND

o. vPu'_vPu- (APU-_.. JxulPul)

l"J._lUZ-_ ±_d. - C'_llou]_lti.[Oll ]_I¢,Lho¢I.'4 lot" t.'Ollt[,tlt.i, ll_l
|)C and AC _'h_¢lo._;.
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Figure 189. - Excitation Characteristics

Equivalent AC Load (-0.8924 Power
Factor) .
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Figure 209. - Interface Turbine-to-Alternator Heat Fluxes.
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Figure 252. - Visu,_l Model of Mini-BRU Rotor.
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Figure 253. - Final Conflguratlou of the _
Mini-BRU Rotor.
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Figure 26b Palniro 7 Braze Alloy Foil Application
Prior to Bonding.





O

CD

,--4

o +O
i

O

0.00 50.00 00.00 SO.O0 ZO0.O0 25G.00 300.00
EXCITRTION AMP-TURNS/INCH

vigure 267. -- Comparison of Magnetic 'Pest Data for 'I'AC
and Mini-BRU Rotor Heat Treat Processes.

i

2b 7

•-_'_.,,,-,.4,-,_--_Y _ 'v_,,_ '-m_,,.,_--_,,.Alg-.--_Ii ,_ 4--- . • .

v ..... 6 "-,:' C,v
:.I! o '- II

° t

,, _, ._£_,_.._-L_-U.T.--_Z'_._.L_LL_LL_'._.,_:-_ ._L _L-_-"_ ='r-r- ,, , ,

• _ .... _y .... (, ,_ ,

00000003-TSG] 3



r_
£Z)

Q

£:3
"q_.-4

0
t:3

e

(::3
e4_
r4 ...............

.... _j
::IZ ....ff:r_

,4--£ "l --

,.'L.;f-.] -_

0_g ;J e TRC H?R Rf TEi'IP

oo , t_ .................. ,_ tAC H'TA 5[lOF
x + H?C I_M TFMP
--', x HTC . ]5Fd
U_

8
o---- .__L_ i

g__ \\

o

0,00 50.00 100.00 150.00 200.00 250.00 300.00
EXCITRTION 6NP-TURNS/INCH

l"lElUZ.'_' 21.,U. - COmp,ll'isOn ol: bl._Jr_L't, i,' .',_z-;I 1,11 _ toh" ;'..\,.'
l!ld |"in.l| NtnJ_.-zq<U llu _t '!'J.'e_t t'ro,.:es:--;e,_:,

21,H

p

L' 1 I ' - :

,. ,,°,, , 0 ,, ,,._:.... ..,, _o. :;: _' . .........:, .:. ,,,...,: ,,, ...., ,.,,,_ .... . -.-..-_.......

O0000003-TSG14







°
N

,,--,..

0

°_' (p

.,,-,I

LD
I

4..0

0

• S,,. 0

"" t,,.I
0

Q

t,,.O

,-,I

: • N n

° _
• • ¢N

• o _-I

_ i nn i n I In

271

00000004-TSA04



i
I

272





10

5

20 40 60 80 i00 120 i/_0

tlme, mlns.

Figure 274. - Short Term Experiment of Sample 12C, 400°F-
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Figure 28tI. - Vane Cross Section Used in Creep Relaxation.
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NOTE: NASA DATA

COLUMBIUM 103 1% STRAIN IN 100,000 HRS.

ANNEALED 1 HR AT 2420 OF _ 1400 °F 17600 PSI
_' 1550 °F BB00PSI
O 1600 °F 6600 PSI
El 1800 °F 2900 PSI
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T _ Figure 297. - Sample Nozzle Vanes Welded to Varlous
Depths of Penetration.
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Figure 299. - Full Size C-I03 Nozzle Plnte Assembled.
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Figure 300. - Full Size C-I03 Nozzle Plate Assembled

ind Welded Around Perlphery of Blades.
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Figure 301. - Interior VleW of C-I03 Nozzle Plate Assembly.
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Figure 302. - Exterior View of C-I03 Nozzle Plate Assembly.
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Figure 303. - C-103 Plenum Housings.
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Figure 304. - Completed C-I03 Pie num/N°zzle"



Figure 305. - Completed C-I03 Plenum Nozzle Assembly.
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w _ l _ ,, I I.._:_.! •....J. J,....#- I i,

t
_,..._zLo_._w ))
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| _ ....

Gas Temperatures (oF) _I/

® ® © ® ® ®"
HIGII POWER 326 370 402 1214 295 260

LOW POWER 320 411 473 1133 260 234

Gas Pressures (psia!

® ® © @ ® ®
HIGII POWER 87.9"I --- 85.84 88.02 87.27 91.05

LOW POWER 17.565 --- Ib.0_7 16.591 17.50 18.30

I Gas Plows (percunt of main) Turbine Brq. C,nm,ressor .'_..::-.

I_IC'll I.OW _.I'f,ZI] f[1%.;

Design Point (full ".urbin_ _h_e[) 2.0b 2.b0 0.12 J

Design Bearing and Bleed Ports, 3.06 2.38 0.78 0.2,_
, Scalloped Turbine Wheel, 1.2R

Modified Bearing, D..,sign Bl_ud Ports, 2.0 0.51 0
Scalloped Turbine %;heel, l.lk 2.76

Design Bearing, Modlfiud Blued Ports
2.74 2.0 -l.ii -0.43

ScallopcZ Turbine, Wheel, 1.2k

Figure 312. Cooling Flow Diagram.
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Figure 313. - Turbine - End Foil Bearing Isothermal

Diagram of Unwrapped Foil Lower Power Level.
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'-!. Figure 314. - Transient Metal Temperatures
Sudden Start and Stop at Maximum Power.
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Figure 315. - Transient Metal Temperatures
Sudden Start and Stop at Maximum Power.
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Figure 319. - Mini-BRU Turbine Blade Normal

Thickness.
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Figure 320. - Mini-BRU Blade Angle.

tI

_- ooooooo4TSD_



321

00000004-TSD12



322



323

t

. ----_,_-_-_..c._........j .... _' ; ' J ' ; .._j ....__

,1

O0000004-TSD14



'o ,.

._ , . , .,._L_._...L..._-=_-i _j.....,_•" _ . - "- _.'- I

O0000004-TSEO:I



r _ _ L I i i i ) i i i I !'! i i i i _ I_,;_ _ i i ,

325

,I

O0000004-TSE02



1
326

_' _.L_ _ !_L- __L_.,: ,

O0000004-TSE03





i I 328
'I

_.,L_J,_,, -, ,--_,_-- .. "-"--.................. ' O00000ri4-TSE_



Q_.I. 0

:\'lii

U

; _
0

O
p_

m

.,.4
N

I

.r-I

II I

8 _

I\ I

329

"i]
-#---'_,-'--t ' _.._:...L,i.,.j,..._...j _.... _ __,L_I ! _ _i_.,:. ,,..

O0000004-TSE06



Figure 330. - Mini-BRU Unscalloped

I High Power Equivalent Stresses.
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Figure 331. - Mini-BRU Unscailoped High
Power Radial Stresses.
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Figure 332. - Mini-BRU Unscalloped High Power

Tangential Stresses.

332

i

, _ j ,.L.:,J,,i__,'_J_L:"| I 1_ J I I

O0000004-TSE09



Lo_'_</ -%t. ) 'WI I I A

oo

Figure 333. - Mini-BRU Unscalloped High
Power Axial Stresses.
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Figure 334. - Mini-BRU Unscalloped
T = 70°F Equivalent Stresses.
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Figure 335. - Mini-BRU Unscalloped
T = 70°F Radial Stresses.



Figure 336. - Mini-BRU Unscalloped
T = 70 °F Tangential Stresses (ksi_.



!" Figure 337. - Mini-BRU Unscalloped
_ T -- 70°F Axial Stresses (ksi)
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Figure 341. - Mini-BRU Blade Vib 1 Model
(meridional view).
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Figure 342. - Mini-BRU Turbine Blade Campbell Diagr_-m.
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Figure 343. - Mini-BRU Splitter Vib 1 Model

(meridional view).
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Figure 346. - Effect of Alterna1:or Spring Rate on

Mini-BRU's First and Second Cl:itical Shnft Speeds.
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Figure 347. - Mode Shape of Rigid Body Criticals
for Mini-BRU Foil Bearing Engine•
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Figure 355. - Lines of Constant Thickness for Mint-BRU
Compressor Bl_ide.
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Figure 357. - First Mode Shape of Mini-BRU
Compressor Blade.
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\ Figure 358. - Second Mode _;hnpe of Minz-BI{U

l Compressor Blade.
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Figure 364. - Structural Model for the Compressor Inlet
Flange Loads.
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